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Abstract  'm,  c  r  owa-W?)  ^ - r 

""-^Closely  spaced,  0.2-1  ym,  Au  microelectrodes  (50  ym  Kong,  1-2  ym  wide,  and 

0.1  ym  thick  Y^Xn  SI^N^  can  be  functionalized  with  poly  vinyl  ferrocene,  PYF<fd^  or 

with  an  N.N'-dlbenzyl-A.A'-blpyrldlnlum-based  polymer,  (BP<^/$Jn,  derived  from 

hydrolysis  of  H.^-blsCCp-trlmethoxysIlvl )benzv11-4.4*-b1pvr1d1n1um.  _I*  Two-  or 

elght-mlcroelectrode  arrays  have  been  functionalized  with  PVF<ffi^or  (BP(&^^)fl. 

Adjacent  microelectrodes  can  be  connected  with  either  polymer  In  the  sense  that 

net  current  can  pass  from  one  microelectrode  to  another,  through  the  polymer,  when 

one  electrode  Is  held  at  a  potential  where  the  polymer  Is ‘oxidized  and  the  other 

\ 

electrode  Is  held  at  a  potential  where  the  polymer  Is  reduced.  From  such  steady 


state  current  an  estimate  of  the  diffusion 


LPqqqI 


>17  charge  transport.  Dct, 


In  the  polymer  can  be  made;  values  In  the  range  To-9  -KT^0  ct^/s  are  found  and 
accord  well  with  earlier  measurements  of  Dqx  for  the  polymers  studied.  A 
two-terminal  diode  can  be  fabricated  by  coating  one  electrode  with  (BP^^^and 
an  adjacent  electrode  with  PVf£^>)  such  that  there  Is  a  connection  between  the 
microelectrodes  via  the  (BP<f2lV^£ypyF<£tfc&5  contact.  Current  passes  when  the 
applied  potential  Is  such  that  the  negative  lead  Is  attached  to  the 
(Bptf^G^-coated  electrode  and  the  positive  lead  Is  attached  to  the 
PVFc^<y-coated  electrode.  When  the  applied  potential  approaches  the  difference  In 
the  E*"s  of  the  two  polyrters,  current  flows  with  the  crucial  feature  being  a 
downhill  (by  ~0.9  V)  cross  Vedox  reaction  at  the  (BPQ2+/+)n/PYFc+/°  Interface, 

BPQ+  +  Fc+ - *>  BPQ2+  +  Fc°  .  Current  does  not  flow  between  the  ralcroelectrodes 


when  the  applied  potential  Is  In  wq^opposlte  sense,  because  the  reaction  BPQ2+  + 

Fc° - *  BPQ+  +  Fc+  Is  uphill  by  ~0.9  Y^The  switching  time  of  a 

microelectrochemical  diode  Is  controlled  by, the  time  required  to  oxidize  and 


reduce  the  polymers 
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In  this  article  we  wish  to  report  procedures  that  yield  the  functionalization 
of  two  closely  spaced  (<1  urn)  nrlcroelectrodes  such  that  each  electrode  Is  coated 
with  a  different  redox  polymer  In  a  manner  as  Illustrated  In  Scheme  I.  The 
resulting  assembly  functions  as  a  diode  of  the  sort  first  demonstrated  by  Murray 
and  co-workers.1  The  assembly  behaves  as  a  diode  In  the  sense  that  steady  state 
current  passes  In  only  one  direction  upon  application  of  a  potential  accross  the 
two  electrodes.  The  principles  of  such  a  diode  have  been  demonstrated  using 
macroscopic  electrodes  derlvatlzed  first  with  one  redox  polymer  followed  by  a 
second  polymer  having  a  different  redox  potential  and  then  capped  with  a  porous 
front  contact  forming  a  sandwich  structure  of  metal /polymer/polymer/metal -1  Our 
new  results  demonstrate  a  synthetic  methodology  for  making  an  "open-faced" 
sandwich  with  a  metal -to-metal  separation  of  substantially  less  than  one  micron 
Involving  a  combination  of  conventional  microfabrication  techniques  and 
electrochemistry.  He  recently  reported  the  derlvatlzatlon  of  microelectrode 
arrays  using  a  single  polymer,  polypyrrole,2  poly-N-methylpyrrole,3  polyanlllne,4 
and  poly-3-methylthlophene,5  and  demonstrated  that  two  or  more  closely  spaced 
microelectrodes  could  be  "connected"  In  an  electrical  sense.2*5  The  dramatic 
change  In  electrical  conductivity  of  a  single  connecting  polymer  with  change  In 
Its  state  of  charge  makes  such  connected  nrlcroelectrodes  function  In  a  manner 
analogous  to  a  transistor  when  the  derlvatlzed  microelectrode  array  1$  Immersed  In 
an  electrolyte  solution.2*5  In  the  present  work  the  advance  Is  the  demonstration 
that  two  different  redox  polymers  can  be  arranged  In  a  way  that  leads  to  an 
aggregate  function:  a  two-terminal  diode.  The  ordered  arrangement  of  molecular 
materials  at  the  dimensions  Involved  here  (surface  area  of  ~10~5  cm2)  may  lead  to 
new  ways  of  duplicating  functions  found  In  biological  systems,  such  as 
photosynthesis,  where  ordered  arrangements  of  molecular  components  leads  to  the 
useful  function  characterl stl c  of  the  assembly. 


“  .  K 

El  ectrocheml  cal  ly  (BPQ2+/+)n  PVFc* 

Deposited  Pt 

Au 


s¥« 


Au  (Lightly  Pt-coated) 


appl 


Scheme  I.  Cross  sectional  view  of  redox  polymer  functionalized  nrfcroelectrodes. 
The  two  terminal  "device"  can  operate  as  a  diode  In  the  sense  that  current 
can  pass  In  only  one  direction  upon  application  of  a  potential  across  the  two 
microelectrodes,  since  the  two  polymers  have  very  different  redox  potentials. 
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The  fabrication  procedures  utilized  In  this  work  serve  to  Illustrate  that 
It  Is  possible  to  put  different  polymers  on  microelectrodes  that  are  very 
closely  spaced  (<1  urn).  This  methodology  allows  the  preparation  of 
microelectrochemical  devices  that  depend  on  the  contact  of  dissimilar  redox 
polymers  and  Is  a  general  route  that  can  be  applied  to  the  preparation  of  a 
wide  variety  of  polymer/polymer  Interfaces.  In  particular,  the 
polymer/polymer  contacts  that  can  be  made  Include  situations  where  the  polymer 
deposited  first  would  be  Incapable  of  effecting  the  electrochemical  deposition 
of  the  second  which  Is  a  technique  of  fabrication  used  to  prepare  bl layers 
on  macroscopic  electrodes.1  It  Is  also  worth  noting  that  the  ability  to 
control  the  deposition  of  different  polymers  on  a  two-dimensional  surface 
allows  a  simple  procedure  for  Including  one,  or  more.  Intervening  polymers  to 
achieve  new  kinds  of  structures  and  functions,  especially  chemical  sensors.6 

The  keys  to  achieving  diode-like  current-voltage  characteristics  with  the 
device  represented  In  Scheme  I  are  that  the  (1)  only  mechanism  for  passing 
charge  from  one  metal  to  the  other  Is  via  the  redox  polymers  connecting  them 
and  (2)  redox  reaction  at  the  Interface  between  the  vlologen-based  polymer  and 
the  ferrocene-based  polymer  Is  substantially  down-hill,  resulting  In  a 
substantially  larger  current  In  one  direction  than  In  the  other.  The 
vlologen-based  (BPQ2+/+/°)„  Is  derived  from  reagent  j7  and  the  ferrocene-based 
polymer  Is  polyvlnylferrocene,  PVFc+/°.®  In  terms  of  fabricating  the  assembly 
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1n  Scheme  I  and  Insuring  that  the  only  mechanism  for  charge  transport  Is  via 
the  polymers.  It  Is  Important  that  each  of  these  polymers7*8  can  be  deposited 
onto  electrodes  by  electrochemical  procedures.  The  redox  reaction  at  the 
(BPQ2+/+/°)n  /PVFc+/°  Interface  Is  occurs  at  a  good  rate  In  only  one  direction 
because  the  reactions  represented  by  equations  (1)  and  (2)  are 
thermodynamically  downhill  by  a  substantial  amount;  the  reverse  reactions  are. 


BPQ+  +  Fc+ 

*1 

BPQ2+  +  Fc° 

(1) 

BPQ°  +  Fc+ 

*2  , 

BPQ+  +  Fc° 

(2) 

of  course,  uphill  by  the  same  amount.  The  Fc+/°  and  BPQ2+/+/° 
are  meant  to  represent  the  monomer  units  of  the  polymers.  In  these  two 
equations.  At  the  (BPQ2+/+/°)n/PYFc+/°  interface  redox  reaction  between  the 
monomer  units  Is  the  only  mechanism  to  pass  net,  steady  state  current  when 
there  are  no  other  redox  active  species  In  the  medium  In  which  the  device  Is 
Immersed.  Since  the  processes  represented  by  equations  (1)  and  (2)  are  so  far 
downhill.  Scheme  II,  only  when  the  (BPQ2+/+/°)n -coated  electrode  is  the 
negative  electrode  will  substantial  current  flow  from  one  microelectrode  to 
the  other.  The  point  Is  that  when  the  (BPQ2+/'*,/0)n-coated  electrode  Is  the 
positive  electrode  there  Is  no  mechanism  for  charge  transfer  because  Fc°  Is 
not,  realistically,  thermodynamically  capable  of  reducing  BPQ2+.  The 
equilibrium  constants  for  reactions  (I)  and  (2)  exceed  1015  and  1020, 
respectively.  The  actual  extent  of  the  asymmetry  In  the  steady  state 
current-voltage  curves  of  an  electrochemical  diode  should  depend  on  the 
difference  In  E*"s  of  the  two  polymers,  as  developed  In  the  work  of  Murray 
and  co-workers.1 


•  *  •  •  .  •-  *  « 
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Scheme  II.  Redox  levels  of  the  (BPQ2+/+/°)n  and  PYFc+/°  polymers  relative  to 
a  saturated  calomel  reference  electrode. 

The  small  spacing  between  the  two  mlcroelctrodes  Is  crucial  to  being 
able  to  make  a  device  giving  conveniently  measurable  steady  state  current. 

This  follows  from  the  very  modest  redox  conductivity  of  the  (BPQ2+/+/°)n9  and 
PVFc+/°.8  For  these  materials  the  maximum  conductivity  is  many  orders  of 
magnitude  below  that  of  the  conducting  state  of  polyanlllne,  polypyrrole,  or 
poly-3-methyl thiophene.2”5  Consequently,  the  maximum  steady  state  current 
between  connected  microelectrodes  Is  much  less  for  microelectrodes  connected 
with  the  (BPQ2+/+/°)n  and  PYFc+/°  redox  polymers,  and  the  close  spacing  of  the 
contacts  is  necessary  to  achieve  easily  detectable  current.  The  charge 
transport  In  the  (BPQ2+/+/°)n9  and  the  PVFc+/°8  has  been  studied  using 
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macroscoplc  electrodes  and  conventional  techniques.  The  fundamental 
characteristic  of  Importance  Is  a  diffusion  coefficient  for  charge  transport, 
DcTJ  Tor  these  redox  polymers  D^x  Is  ~1Q"9  -10"*°  cm2/s.  The  low  value  of  Df-r 
signals  low  conductivity,  therefore,  low  steady  state  currents.  Also,  the 
small  value  of  Dct  Indicates  that  the  frequency  of  turn-on/turn-off  of  a  diode 
as  In  Scheme  I  will  be  much  lower  than  for  conventional  solid  state  devices. 


Accordingly,  the  small  spacing  between  contacts  Is  Important  In  achieving  fast 
electrochemical  switching.  In  addition  to  being  crucial  to  achieve  significant 
steady  state  currents.  Note  that  the  earlier  measurements  of  Dqj  Indicate 
that  detectable  currents  can  be  expected  from  an  assembly  like  that  In  Scheme 
I,  but  the  small  electrode  areas  Involved  means  that  very  small  currents  will 
be  found.  Accordingly,  we  have  undertaken  the  development  of  methods  to  close 
the  gap  between  nricroelectrodes  by  electrochemclally  depositing  metals  onto 
mlcrofabrlcated  arrays  resulting  In  submlcron  electrode  separations. 


r. 

k* 
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Sxperl mental 

Fabrication  of  Microelectrode  Arrays.  Two  chip  designs  were  employed:  The 
first  possesses  two  adjacent  microelectrodes  1  urn  wide  separated  by  1  urn,  the 
second  possesses  eight  adjacent  microelectrodes  ~2  um  wide  separated  by  ~2  urn. 
Fabrication  of  the  microelectrode  arrays  was  accomplished  by  previously 
described  methods2*5  W1th  the  following  modifications.  A  1.01  urn  thick 
thermal  oxide  was  grown  on  p -Si  substrates.  A  0.43  urn  thick  Si'3N4  film  was 
deposited  on  the  oxidized  substrates  by  low  pressure  chemical  vapor  deposition 
at  800"C  under  flow  rates  of  SI H2C1 2  at  27  SCCM  and  MH3  at  93  SCCM  diluted  In 
M2  up  to  a  pressure  of  330  mtorr. 

A  1.4  um  thick  layer  of  KTI-1370  positive  photoresist  on  the  nitrided 
substrate  was  patterned  for  metal  lift-off.  Immediately  prior  to  metal 
deposition  the  photoresist-coated  substrates  were  cleaned  in  an  oxygen  plasma 
planar  etching  chamber  at  200W  forward  power  In  60  mtorr  of  oxygen  for  20  sec 
leaving  a  1.25  um  thick  layer  of  photoresist.  A  two-level  metallization  was 
performed  In  a  NRC  3117  electron  beam  evaporation  system.  A  Cr  adhesion  layer 
of  60  A  was  evaporated  followed  by  1200  A  of  Au.  Metal  lift-off  was  achieved 
In  warm  acetone. 

Epoxy  encapsulation  of  the  chip  was  aided  by  masking  the  desired  50  um 
length  of  the  microelectrodes  with  soft-baked  positive  photoresist. 

Epoxl-Patch  0151  Clear  (Hysol)  was  applied  to  each  chip  to  cover  the 
microelectrode  leads  up  to  the  edge  of  the  photoresist  mask  with  the  aid  of  a 
Rucker  and  Kolls  XYZ  manipulator.  The  epoxy  was  partially  cured  at  70*C  for 
one  hour.  The  photoresist  mask  was  then  dissolved  In  warm  actone.  The  wafer 
was  then  cleaned  In  hot  aqueous  H2O2  (61  by  volume }/aqueous  NH3  (14*  by 
volume)  for  five  minutes,  rinsed  In  deionized  water,  and  blown  dry  with  N2.  A 
final  cleaning  was  performed  In  an  oxygen  plasma  planar  etching  chamber  at 
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400W  forward  power  In  60  mtorr  of  oxygen  for  two  minutes.  This  encapsulation 
procedure  yielded  microelectrodes  of  reproducible  geometry.  Die  were  then 
separated  and  packaged.  Packaged  arrays  of  microelectrodes  were  typically 
cleaned  by  a  negative  potential  excursion  in  aqueous  electrolyte  to  evolve  H2 
followed  by  the  electrodeposition  of  Pt  from  an  aqueous  solution  containing 
2  mM  K2PtCl4  and  0.1  M  K2HPO4. 

Chemicals.  OmnISolv  CH3CN  (EM  Science)  was  purified  and  dried  by  distillation 
from  P2O5.  Water  was  triply  distilled.  The  [q-Bu4N]C104  (Southwestern 
Analytical)  was  dried  at  70®  under  vacuum  for  >24  hours.  LICIO4  (Alfa)  and 
[Ru(NH3)g]Cl3  (Strem)  were  used  as  received,  as  was  polyvinyl  ferrocene 
(Polysciences,  lot  #45160).  Reagent  _I  was  previously  synthesized  and 
characterized.7 

Electrochemical  Equipment.  Electroplating  was  accomplished  using  a  Princeton 
Applied  Research  Model  173  Potentiostat/Galvanostat,  Model  179  Digital 
Coulometer,  and  Model  175  Universal  Programmer.  The  remaining  electrochemical 
experiments  were  performed  using  a  Pine  Model  RDE4  bipotentiostat  and  recorded 
on  a  Kipp  &  Zonen  BD91  x-y-y'  recorder.  All  potentials  were  controlled 
relative  to  an  aqueous  saturated  calomel  reference  electrode  (SCE). 
Electrochemical  measurements  were  carried  out  under  N2  or  Ar  at  25*C. 
Derlvatlzatlon  of  Microelectrodes.  Selective  deposition  of  (BPQ2+/+)n  on  one 
platinized  microelectrode  was  achieved  by  cycling  the  electrode  potential 
between  0.0  and  -0.75  V  vs.  SCE  at  50  mV/s  In  an  aqueous  solution  of  0.5mM  of 
^  and  0.2M  KC1/0.1M  K2HPO4  while  holding  the  potential  of  the  adjacent 
mlcroelectrode  at  0.0  V  vs.  SCE  until  the  desired  coverage  was  obtained. 
Integration  of  the  charge  under  the  first  reduction  peak  ( — 0.55  V  vs.  SCE) 
observed  In  aqueous  1.0  M  KC1  was  used  to  calculate  coverage  of  (BPQ2+/+)n.  The 
PYFc+/°  was  deposited  on  the  remaining  microelectrode  by  oxidation®8  at 


+0.8  V  vs.  SCE  In  a  solution  containing  4  mg  PVFc0  In  5  ml  CH2CI2/5  mM 
[r^-Bu4N]C104  and  removal  of  the  electrode  In  the  oxidized  state  after  passage  of 
the  desired  amount  of  charge.  Integration  of  the  charge  under  the  oxidation 
peak  (~+0.4  V  vs.  SCE)  observed  In  CH3CN/0.I  M  h-Bu4N]C104  was  used  to 
calculate  the  coverage  of  electroactive  PYFc+/°. 

Scanning  Electron  Microscopy.  The  microelectrode  arrays  were  examined  by 
electron  microscopy  using  a  Cambrlde  Mark  2A  Stereoscan  with  a  resolution  of 
20  nm.  The  arrays  were  first  coated  with  ~200  A  of  Au  to  minimize  problems 
from  surface  charging. 


Results  and  Discussion 


Electrochemical  Characterization  and  Modification  of  Microelectrode  Arrays  by 
Pt  Deposition.  The  Au  microelectrodes  used  In  this  study  were  typically  50  urn 
long,  1-2  urn  wide,  and  ~0.1  urn  thick  on  an  Insulating  layer  of  SI3N4.  General 
fabrication  procedures  are  given  In  the  Experimental  Section  and  follow  closely 
the  methods  previously  reported. 2-5  The  Au  microelectrode  array  consisted  of 
either  eight  or  two  microelectrodes  spaced  ~1  urn  from  one  another.  A 
two-mi croelectrode  chip  Is  Illustrated  In  Figure  1.  In  our  earlier  work  we  had 
difficulty  In  obtaining  reproducible  electrochemical  response  from  each 
microelectrode.  In  this  work  we  have  been  able  to  obtain  reproducible  response 
by  electrochemlcally  depositing  a  small  amount  of  Pt  onto  each  Au  electrode. 

The  amount  of  Pt  deposited  Is  ~10“6  mol /cm2.  Such  "freshened"  microelectrodes 
give  reproducible  response  to  solution  redox  reagents  such  as  aqueous 
Ru(NH3}g3+.  since  the  microelectrodes  are  small  In  one  dimension  (width)  the 
electrochemical  response  differs  from  that  typically  observed  at  a  macroscopic 
electrode.10  In  particular.  In  linear  potential  sweep  voltammetry  at  modest 
sweep  rates  and  modest  redox  reagent  concentrations  the  current-voltage  curve 
shows  no  concentration  depletion  as  Is  typically  found  at  macroscopic 
electrodes.  Figure  2  Illustrates  the  situation  for  the  reduction  of  Ru(NH3)g3+; 
the  current-voltage  curve  at  50  mV/s  shows  essentially  a  steady  state  current 
that  we  find  to  be  proportional  to  concentration  of  Ru(NH3)§3+.  Under  the  same 
conditions  the  response  to  the  Ru(NH3)g3+  at  a  macroscopic  electrode  would  be 
the  familiar  voltammetrlc  "wave"  with  a  well-defined  current  peak.11  The 
electrochemical  deposition  of  Pt  onto  the  Au  microelectrodes  gives  reproducible 
surfaces  for  subsequent  modification. 


The  electrochemical  depositor)  of  Pt  onto  the  microelectrodes  can  be 
useful  In  another  respect:  the  deposition  of  Pt  can  be  used  to  substantially 
close  the  spacing  between  microelectrodes.  A  complete  account  will  be  given 
elsewhere,  but  here  we  simply  note  that  It  Is  possible  to  close  the  spacing 
between  two  microelectrodes  to  ~0.2  urn  without  yielding  an  electrical  short 
between  adjacent  microelectrodes.  Figure  3  shows  Pt-coated  microelectrodes 
that  can  be  compared  to  the  "naked"  Au  electrodes  Illustrated  In  Figure  1. 
Typically,  the  procedure  Is  to  first  "freshen"  both  microelectrodes  with  a 
small  amount  of  Pt  and  then  to  deposit  a  more  substantial  amount  of  Pt  onto  one 
of  the  electrodes.  This  strategy  allows  edge  definition  on  the  lightly  coated 
microelectrode  to  be  essentially  that  derived  from  the  conventional 
microfabrication  procedure.  The  Pt  deposited  electrochemlcally.  Figure  3,  Is 
relatively  rough  but  nonetheless  the  spacing  between  nrlcroelectrodes  can  be 
closed  substantially  compared  to  ultravlolet/vlslble  photolithography  which 
underlies  the  conventional  nrfcrofabrlcatlon  procedure  used  to  prepare  the  arrays. 
Presumably,  the  closer  the  spacing  the  faster  the  switching  will  be  between  the 
on  and  off  condition  of  a  diode  like  that  represented  In  Scheme  I. 

The  nrlcroelectrodes  of  the  arrays  fabricated  are  sufficiently  closely  spaced 
that  the  redox  products  generated  at  one  microelectrode  can  be  detected  at 
another.  Thus,  a  pair  of  microelectrodes  can  function  In  a  manner  analogous  to  a 
rotating  ring-disk  electrode.11  As  an  Illustration,  consider  the  Information 
presented  In  Figure  2.  The  reduction  of  Ru(NH3)g3+  to  Ru(NH3)g2+  occurs  at 
electrode  1  as  the  potential  of  electrode  1,  E*,  Is  moved  at  50  mV/s  from  0.0  to 
-0.6  V  vs.  SCE.  If  the  potential  of  electrode  2,  E2,  Is  fixed  at  0.0  V  vs.  SCE 
where  Ru(NH3)g2+  can  be  oxidized  to  Ru(NH3)g3+,  anodic  current  Is  observed  at 
electrode  2  when  Ej  Is  such  that  Ru(NH3)g2+  Is  produced  at  electrode  1.  The 
ratio  of  anodic  current  at  electrode  2  and  the  cathodic  current  at  electrode  1  Is 
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the  collection  efficiency.  For  the  particular  arrangement  of  microelectrodes 
used  to  collect  the  data  In  Figure  2  the  collection  efficiency  Is  ~80S.  Note 
that  for  the  arrangement  used  the  collector  electrode,  electrode  2,  Is  larger 
than  electrode  1,  since  Pt  has  been  deposited  onto  It  In  an  amount  consistent 
with  a  spacing  of  about  0.3  um. 

The  ability  to  generate  redox  products  at  one  microelectrode  and  detect 
them  at  the  others  has  some  possible  analytical  utility  which  will  be 
elaborated  elsewhere.  Here  we  use  such  genera tl on/col lection  measurements  to 
characterize  the  arrays  and  polymer  modified  arrays.  At  this  point.  It  should 
be  emphasized  that  negligible  current  passes  between  two  microelectrodes  upon 
application  of  a  potential  difference  less  than  the  decomposition  potential  of 
the  medium.  Thus,  In  an  aqueous  solution  of  Innocent  electrolyte  the  applied 
potential  must  be  kept  below  1.23  V,  the  decomposition  potential  of  H2O.  When 
polymer  Is  used  to  electrically  connect  microelectrodes,  generatlon/collectlon 
experiments  can  be  used  to  unambiguously  establish  the  mechanism  of  current 
flow  when  there  Is  a  potential  difference  between  the  two  electrodes. 
Modification  of  Microelectrodes  with  (BPQZ+Z+ln  or  (PVFc+/°).  The  key  to 
being  able  to  fabricate  a  functioning  diode  like  that  represented  In  Scheme  I 
Is  to  be  able  to  put  one  polymer,  (BPQ2+/+/o)nt  on  one  electrode  and  a  second 
polymer,  PVFc+/°,  on  an  adjacent  electrode  In  a  manner  that  yields  a  contact 
between  the  two  polymers  where  each  electrode  Is  only  directly  contacted  by  one 
of  the  polymers.  Our  "synthetic"  strategy  Is  to  exploit  electrochemical ly 
assisted  deposition  procedures88 » 9  to  control  where  polymer  Is  deposited  and  In 
what  amount. 

The  PYFc+/°  redox  polymer  can  be  deposited  onto  microelectrodes  such 
that  adjacent  nrfcroelectrodes  are  connected  as  Illustrated  In  Scheme  III. 
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Scheme  III.  Eight  microelectrodes  connected  with  a  single  redox  polymer, 
PVFc*/0.  Steady  state  current  can  pass  when  E4  Is  at  +0.4  V  vs.  SCE  where 
the  polymer  Is  In  the  PVFc+  state  and  E3  and  E5  are  at  0.0  V  vs.  SCE  where 
the  polymer  Is  In  the  PYFc0  state;  cf.  Figure  4. 

The  PVFc+/°  redox  system  can  be  deposited  by  oxidative  deposition8*  as 
outlined  In  the  Experimental  Section.  Figure  4  gives  some  data  characteristic 
of  microelectrodes  connected  with  PVFc+/°.  The  data  are  for  an  eight 
electrode  array  uniformly  coated  with  PYFc+/°  at  a  coverage  of  ~10“8  mol /cm2. 
Talcing  electrode  4  as  the  "generator"  electrode  and  various  combinations  of 
the  others  as  "collector"  electrodes  It  Is  evident  that  a  sweep  of  the 
potential  of  electrode  4,  E4,  from  0.0  to  +0.8  V  vs.  SCE  results  In  a 
voltammetrlc  wave  consistent  with  the  oxidation  of  PVFcO  to  PVFc+.  When  the 
collector  electrodes  are  held  at  0.0  V  vs.  SCE,  the  PVFc+  generated  by 
oxidation  at  electrode  4  can  be  reduced  resulting  In  steady  state  cathodic 
current  at  the  collector  electrodes.  Consistent  with  expectation,  the 


the  cathodic  current  when  only  electrodes  3  and  5  are  used  as  collectors  Is 
the  same  as  when  electrodes  1-3  and  5-8  are  used  as  collectors.  Additionally, 
when  electrodes  5-8  are  used  as  collectors  the  cathodic  current  Is  only  about 
a  half  of  that  when  electrodes  1-3  and  5-8  are  used  as  collectors.  Notice  too 
that  the  anodic  current  at  the  generator  electrode  4  depends  on  whether  the 
collector  electrodes  are  activated.  When  the  collector  electrodes  are  not 
activated  the  cyclic  vol tammogram  at  the  generator  electrode  has  a  well 
developed  peak  with  a  relatlvley  small  dlffuslonal  current  on  the  positive 
potential  side.  When  the  collector  electrodes  are  activated  the  cyclic 
vol tammogram  becomes  closer  to  a  steady  state  current-voltage  curve,  at  the 
scan  rate  Illustrated.  As  will  be  .developed  below,  the  behavior  of  two 
microelectrodes  connected  with  the  same  polymer,  PVFc+/°  or  (BPQ2+/+)n  is  very 
different  compared  to  the  behavior  of  a  pair  of  microelectrodes  connected  as 
Illustrated  In  Scheme  I.  The  crucial  fact  Is  that  when  the  same  redox  polymer 
connects  two  nricroelectrodes  the  generator  electrode  and  collector  electrode 
can  be  Interchanged,  whereas,  when  two  different  polymers  connect  two 
microelectrodes  the  generator  and  collector  cannot  be  Interchanged  because 
large  net  current  flow  only  occurs  In  one  direction. 

The  steady  state  current  passing  from  one  microelectrode  to  another  when 

/ 

the  two  are  connected  by  the  same  polymer  depends  on  the  charge  transport 
properties  of  the  polymer.  As  seen  In  Figure  4,  the  PVFc+/°  system  gives  a 
steady  state  current  of  the  order  of  1  nA  when  one  microelectrode  Is  held  at 
♦0.4  V  vs.  SCE  where  the  ratio  of  PYFc+  to  PVFc0  Is  about  one  to  one  and  the 
adjacent  electrodes  are  held  at  a  potential  of  0.0  V  vs.  SCE  where  the  PYFc+/° 
polymer  Is  In  the  PYFc0  state.  For  the  array  characterized  by  the  data  In 
Figure  4  electron  microscopy  showed  the  polymer  to  be  a  thin,  continuous, 
uniform  coating  over  the  microelectrodes  at  a  thickness  of  ~0.3  urn. 

Assuming  that  the  current  observed  Is  completely  limited  by  the  charge 
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transport  properties  of  the  polymer,  equation  (3)  approximates  the  expected 
current  for  a  polymer  of  thickness  d,  diffusion  coefficient  for  charge 
transport  Dct»  transferring  n  electrons,  and  concentration  of  redox  centers 
C.12  The  electrode  area  A  Is  not  perfectly  well-defined  by  the  geometry  with 

1  -  nFADcrC/d  (3) 

the  nrlcroelectrode  arrays  used  here,  because  of  the  open-face  sandwich 
structure.  However,  If  we  assume  that  the  bulk  of  the  current  Is  associated 
with  a  0.1  urn  thickness  of  the  polymer  and  the  sides  of  the  elctrodes  (the  0.1 
urn  x  50  urn  area)  give  the  electrode  areas  A,  as  Illustrated  In  Scheme  IV,  the 
observed  steady  state  current  gives  a  value  of  Dot  from  the  PVFc+/°  polymer  of 
~10“9  cm2/s  In  CH3CN/0.I  M  [n-8u4N]C104  for  d  -  1.0  urn  and  C  «  2.3  x  10“3 
mol/cm3. 8d  This  accords  well  with  existing  literature8  from  conventional 
measurements  where  the  equation  (3)  can  be  more  rlgorlously  applied  because  a 


Scheme  IY.  Approximate  geometry  used  to  determine  Dqt  values  for  a  redox 
polymer  connecting  two  adjacent  nrfcroelectrodes.  The  electrode  area.  A,  Is 
taken  to  be  0.1  urn  x  50  urn  ■  5  x  10~8  cm2. 


one  dimensional  diffusion  model  Is  realistic.  We  do  not  offer  the  nrfcroelectrode 
array  as  a  superior  geometry  for  determining  Dct  values.  Rather,  what  we  stress 
here  Is  that  the  steady  state  currents  found  are  reasonable  In  view  of  known 
values  of  Dot* 

The  (BPQ2+/+)n  polymer  from  _I  can  also  be  used  to  connect  two  or  more 
microelectrodes  of  an  array.  Basically,  the  procedure  Is  to  Immerse  the 
microelectrode  array  Into  the  aqueous  electrolyte  solution  of  ~0.5  n&  and 
then  cycle  the  potential  (linearly,  SO  mV/s)  of  the  electrode(s)  to  be  modified 
between  0.0  and  -0.75  V  vs.  SCE.  The  negative  excursion  effects  reductive 
deposition  of  the  monomer,  promoting  polymerization  to  form  the  polyslloxane 
(BPQi+/+)n  polymer.  Such  deposited  material  Is  Irreversibly  bound  to  the  array 
surface  as  evidenced  by  withdrawing  the  array  from  the  derlvatlzlng  solution, 
rinsing  with  electrolyte  solution  containing  no  and  examining  the  modified 
electrode(s)  by  cyclic  voltammetry.  Adjacent  microelectrodes  can  thus  become 
connected  by  the  deposited7  (BPQ2+/+)n  polymer.  This  can  be  established  by 
showing  that  steady  state  current  can  pass  between  two  microelectrodes  coated 
with  the  (8PQ2+/+)n  polymer,  as  has  been  demonstrated  for  PVFc+7°  connected 
electrodes.  Figure  4.  The  typical  experiment  would  Involve  holding  one 
microelectrode  at  0.0  V  vs.  SCE,  scanning  the  potential  of  the  other  (connected) 
microelectrode  from  0.0  V  vs.  SCE  In  a  negative  direction  to  reduce  the  (BPQ2+)n 
polymer,  and  measuring  the  current  passed  through  both  Interfaces. 

The  steady  state  current  passed  between  two  (BPQ2+/+)n -connected 
microelectrodes  allows  a  determination  of  Dct  for  the  (BPQ2+7+)n  polymer  as 
described  above  for  the  PVFc+7°  system.  Again,  the  approximate  value  of  Dct, 
~10’9  cm2/s  for  (BPQ2+/+)n,  Is  In  accord  with  the  value  recently  reported.9 
Additionally,  It  Is  noteworthy  that  the  value  of  Dct  for  the  (BPQ+/°)n  redox 
level  Is  determined  to  be  higher  than  for  the  (BPQ2+/+)n  level,  as  was  found 
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earller.9  There  Is  an  Increase  In  steady  state  current  of  approximately  a  factor 
of  at  least  four  when  holding  one  microelectrode  at  0.0  V  vs.  SCE  where  the 
(BPQ2+/+/o)n  system  is  In  the  (BPQ2+)n  state  and  the  other  electrode  Is  moved 

from  -0.7  V  vs.  SCE  where  the  (BPQ+)n  level  Is  maintained  to  a  value  of  -1.1  V 

vs.  SCE  where  the  (BPQ°)n  level  Is  achieved.  This  experimental  method  does  place 
the  7*1*  and  *f°  states  of  the  polymer  In  series,  but  this  parallels  the 
conventional  experimentation  published  earlier. 9  More  detailed  studies  of  the 
microelectrodes  connected  with  a  single  polymer  will  be  reported  elsewhere.  The 
steady  state  currents  from  the  derlvatlzed  microelectrode  arrays  connected  with 
the  (BPQ2+/+/°)n  polymer  are  in  good  agreement  with  known  charge  transport 
properties  of  the  various  redox  levels  of  the  polymer. 

T:.e  values  of  Oct  for  the  PYFc+/°  and  (BPQ2+7+)n  are  found  to  be  similar. 

Not  only  do  the  steady  state  currents  depend  on  the  values  of  Dcy  but  the 
switching  time  of  a  diode  based  on  the  arrangement  In  Scheme  I  also  depends  on 

Dct*  The  time  for  charge  to  traverse  the  distance  d,  t^.  Is  governed  by 

equation  (4).  For  values  of  10"9  cm2/s  and  a  distance  of  1  x  10-4  cm  the 

d2  »  2Dcxt<i  (4) 

value  of  td  Is  therefore  5s.  The  switching  time  of  a  microelectrochemical 
diode  device  Is  therefore  expected  to  be  very  slow  compared  to  the  speeds 
associated  with  solid  state  devices  having  similar  contact  spacing. 

Fabrication  of  a  Two  Terminal  Microelectrochemical  Diode.  To  fabricate  a 
diode  the  first  step  is  to  deposit  Pt  onto  two  adjacent  microelectrodes  In  the 
desired  amount.  The  second  step  Is  to  electrochemlcally  assist  the  deposition  of 
(BPQ2+/+)n  as  previously  described  for  macroscopic  electrodes.7  Figure  5 
Illustrates  the  cyclic  voltammetry  response  of  a  (BPQ2+/+)n-mod1f1ed 
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mi  croelectrode,  electrode  1,  adjacent  to  a  microelectrode  purposely  not 
derlvatlzed,  electrode  2.  The  cyclic  voltammetry  for  the  (BPQ2+/+)n -coated 
microelectrode  Is  like  that  at  a  macroscopic  electrode  with  a  well-defined  wave  at 
—0.55  V  vs.  SCE  corresponding  to  the  (BPQ2+)n  '*=t  (BPQ+)n  interconversion.7  This 
establishes  that  the  deposition  of  (BPQ2+/+)n  can  be  controlled  in  the  manner 
desired  for  fabrication  of  a  device  as  represented  In  Scheme  I.  In  order  to  keep 
electrode  2  free  of  (BPQ2+/+)n,  electrode  2  was  held  at  0.0  V  vs.  SCE  where  any 
BPQ+  generated  at  electrode  1  would  be  oxidized.  Thus,  active  potential  control  of 
electrode  2  prevents  deposition  of  (BPQ2+/+)n  while  electrode  1  becomes  modified. 
The  deposited  (BPQ2+/+)n  on  electrode  1  uniformly  coats  the  microelectrode  and 
"blocks"  the  access  of  Ru(NH3)g3+  as  Illustrated  in  Figure  6.  Figure  6  shows  a 
comparison  of  the  linear  sweep  current-potential  curves  at  electrodes  1  and  2 
before  and  after  derlvatlzatlon  of  electrode  1  with  (BPQ2+/+)n.  Consistent  with 
the  lack  of  deposition  of  (BPQ2+/+)n  onto  electrode  2,  electrode  2  shows  the  same 
response  to  Ru(NH3)g3+  before  and  after  derlvatlzatlon  of  electrode  1.  The 
response  of  electrode  1  to  Ru{NH3)g3+  after  derlvatlzatlon  with  (BPQ2+/+)n  Is  in 
accord  with  the  conclusion  that  the  polymer  completely  covers  electrode  1. 

The  more  negative  onset  for  cathodic  current  corresponding  to  Ru(NH3)g3+ 

Ru(NH3)g2+  reduction  Indicates  that  the  reduced  form  of  the  polymer,  (BPQ+)n, 

Is  responsible  for  the  reduction,  as  has  been  found  at  macroscopic  electrodes 
derlvatlzed  with  (BPQ2+/+).8  The  E*'  for  (BPQ2+/+)n  is  —0.55  V  vs.  SCE 
compared  to  an  E**  for  Ru(NH3)g3+/2+  of  —0.16  V  vs.  SCE.  The  lower  steady 
state  current  for  the  reduction  of  Ru(NH3)g3+  at  the  (BPQ2+/+)n -coated 
electrode  Is  In  accord  with  the  fact  that  the  small  value  of  Dcj  for  the 
polymer  limits  the  steady  state  current  that  can  be  passed  through  the 
1 nterf ace . 9 
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It  Is  worth  noting  that  the  ability  to  purposefully  alter  the  response  of 
the  Ru(NH3)$3+/2+  at  the  (BPQ2+/+)n -coated  microelectrode  allows  a  diode  to  be 
demonstrated.13  The  point  is  that  two,  "naked"  microelectrodes  are  reversible 
to  the  Ru(NH3)g3+/2+  couple.  The  (BPQ2+/+)n-coated  microelectrode  only  allows 
the  reduction  of  Ru(NH3)g3+  at  a  sufficiently  negative  potential;  the 
oxidation  of  Ru(NH3)g2+  at  a  (BPQ2+/+)n-coated  microelectrode  does  not  occur 
because  BPQ2*  Is  too  weak  an  oxidant  and  the  positive  charge  of  the  complex 
prevents  Its  penetration  through  the  positively  charged  polymer  to  the  surface 
of  the  Au.  Thus,  a  device  as  represented  In  Scheme  Y  constitutes  a  two 
terminal  diode  with  steady  state  current  flow  effecting  the  reduction  of 
Ru(NH3)g3+  at  the  (BPQ2+/+)n-coated  microelectrode  and  oxidation  of 
Ru(NH3)g2+  at  the  naked  microelectrode.  For  the  diode  represented  by  Scheme  V, 
unidirectional  electron  transfer  Is  found  because  the  process  represented  by 
equation  (5)  Is  downhill  by  ~0.4  V;  the  reverse  process  is  expected  to  be  slow. 

(BPQ+)n  +  nRu(NH3)g3+ - *  (BPQ2+)n  +  nRu(NH3)g2+  (5) 


However,  since  the  Ru(NH3)g3+/2+  Is  In  solution  the  (BPQ2+/+)n  polymer  serves 
the  additional  function  of  preventing  the  solution  redox  system  from  contacting 
the  metallic  (reversible)  electrode  surface.  The  advantages  of  having  both 
redox  components  Immobilized  as  In  the  device  represented  by  Scheme  I  are  that 
there  Is  no  leakage  from  penetration  of  the  solution  reagent  and  that  no 
solution  redox  reagent  Is  required  In  order  to  achieve  diode  behavior.  An 
advantage  of  the  diode  system  shown  In  Scheme  V  Is  that  the  diffusion 
coefficient  for  the  solution  species  Is  much  greater  (~10*6  cm2/s  for 
Ru(HH3)g3+/2+  diffusion)  than  for  the  bound  polymer.  The  (BPQ2+/+)n  properties 
remain  limiting  but  a  polymer  thickness  of  <1  urn  can  be  useful  giving  rise  to 
faster  switching  times  for  the  diode  system  shown  In  Scheme  Y. 
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Scheme  V.  An  electrochemical  diode  with  one  of  the  redox  components, 
Ru(NH3)63+/2+.  dissolved  In  solution  and  one  confined  to  one  of  the 
microelectrodes,  (BPQ2+/+)n. 

After  characterizing  the  (BPQ2+/+)n-mod1fied  microelectrode  as 
Illustrated  In  Figures  5  and  6  the  diode  device  Is  finished  by  functionalizing 
electrode  2  with  a  sufficient  amount  of  PVFc+/°  to  make  a  connection  to  the 
(BPQ2+/+)n  on  electrode  1.  Figure  7  shows  the  cyclic  voltammetry 
characterization  of  electrodes  1  and  2  after  such  functionalization. 
Importantly,  electrode  1  retains  Its  (BPQ2+/+)n  response,  but  shows  no 
response  to  PVFc+/°  which  would  be  expected  at  ~+0.4  V  vs.  SCE;  at  the  same 
time  electrode  2  shows  a  response  characteristic  of  PVFc+/°  and  still  no 
response  to  the  (BPQ2+/+)n  on  electrode  1.  The  result  is  that  electrode  1 
sees  only  (BPQ2+/+)n  and  electrode  2  sees  only  PV Fc+/°. 

The  data  In  Figure  7,  however,  do  not  establish  that  there  Is  a  connection 
of  electrodes  1  and  2  by  a  (BPQ2+/+)n  /pyfc+/o  contact.  Figure  8  shows  the 
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cruclal  data  In  this  regard.  In  the  left  hand  portion  of  the  Figure  the 
currents  at  electrode  1  and  2  are  shown  for  a  potential  excursion  of  electrode 
I  from  0.0  to  -0.8  V  vs.  SCE  while  the  potential  of  electrode  2  is  held  at  +0.4 
V  vs.  SCE.  The  potential  of  electrode  2  is  such  that  the  ratio  of  PVFc0  to 
PVFc*  is  about  one.  Thus,  when  the  (8PQ2+)n  on  electrode  1  is  reduced  to 
(BPQ^ln  a  current  path  between  electrode  1  and  2  is  possible  according  to 
equation  (1).  The  right  hand  side  of  the  Figure  illustrates  the  data  when  the 
experiment  is  carried  out  such  that  electrode  1  is  fixed  at  -0.6  V  vs.  SCE  when 
the  (BPQ+)n  state  is  prevalent  and  electrode  2  is  swept  from  0.0  to  +0.6  V  vs. 
SCE.  The  currents  again  are  consistent  with  a  current  path  between  electrodes 
1  and  2  when  the  viologen  on  electrode  1  is  reduced  and  the  ferrocene  on 
electrode  2  is  oxidized.  Steady  state  current  does  not  flow  under  other 
circumstances.  In  particular,  if  electrode  2  is  moved  negative  of  electrode  1 
no  current  passes  because  PVFc0  is  thermodynamically  incapable  of  reducing 
(BPQ2+)n.  The  current-voltage  curve  for  the  scan  of  electrode  2  from  0.0  to 
+0.6  V  vs.  SCE  is  peak-shaped  and  does  not  plateau  at  the  sweep  rate  shown.  At 
slower  sweep  rates  there  is  a  plateau-shaped  curve.  The  peak-shaped  curve  at 
10  mV/s  indicates  the  presence  of  excess  polymer  on  the  microelectrodes. 

The  final  result  of  importance  is  the  demonstration  that  a  two-terminal 
device  can  actually  show  more  steady  state  current  upon  application  of  a 
potential  In  one  direction  than  In  the  other.  Figure  9  shows  the  data  for 

steady  state  current  as  a  function  of  applied  potential  between  electrodes  1 

and  2.  In  this  case  there  Is  no  reference  electrode  and  none  Is  needed. 

Current  will  only  pass  when  there  Is  thermodynamically  possible  (and 
klnetlcally  viable)  chemistry  that  can  occur.  This  situation  is  one  where 
steady  state  current  can  pass  when  the  negative  lead  Is  connected  to  electrode 

1  to  effect  (BPQ2+)n  reduction  and  the  positive  lead  is  connected  to  electrode 


2  to  effect  PVFc0  oxidation.  Regeneration  of  PVFc0  and  (BPQ2+)n  occurs  because 
the  two  polymers  contact  each  other  and  react.  The  steady  state  current  through 
the  two  mlcroelctrodes  Is  consistent  with  the  steady  state  currents  when  only 
one  polymer  connects  the  two  microelectrodes.  This  result  means  that  the  charge 
transfer  rate  at  the  (BPQ+)/PVFc+  Interface  is  not  rate  limiting.  A  small 
current  Is  observed  upon  application  of  a  potential  In  the  opposite  direction 
and  Is  presumably  due  to  Impurities  In  the  H2O  electrolyte  or  to  the  onset  of 
H2O  decomposition.  Consistent  with  the  low  values  of  Oct  for  (BPQ2+/+)n  and 
PVFc+/°  the  switching  time  of  the  diode  Is  of  the  order  of  seconds.  An 
Interesting  result  Is  the  fact  that  the  "turn  on"  voltage  is  close  to  that 
expected  based  on  the  difference  In  E*"s  for  (BPQ2+/+)n  and  PVFc+/°,  ~0.9  V. 
Additionally,  there  Is  an  Inflection  In  the  current-voltage  curve  at  a  voltage 
where  the  (BPQ°)n  redox  level  should  be  Important.  The  Increased  current  is 
presumably  due  to  the  fact  that  the  (BPQ+/°)n  level  has  a  larger  value  of  Dct 
than  does  the  (BPQ2+/+)n  level. 


Conclusions 


The  results  presented  above  establish  that  It  Is  possible  to  prepare  an 
open-face  sandwich  analogue  of  bilayer  electrochemical  diodes1-  by  connecting 
two  closely  spaced  nricroelectrodes  with  an  assembly  of  two  different  redox 
polymers  such  that  the  only  mechanism  for  charge  to  pass  from  one 
microelectrode  to  another  Is  via  a  polymer/polymer  cross  redox  reaction  that 
Is  themodynamlcally  downhill.  PYFc+/°  or  (BPQ2+/+)n  can  be  deposited 
electrochemlcally,  as  on  macroscopic  electrodes,83*9  In  a  controlled  fashion 
onto  microelectrodes  establishing  electrochemical  deposition  of  redox  polymers 
to  be  a  fabrication  procedure  for  prototype  devices.  Another  crucial  feature 
of  the  fabrication  methodology  Is  the  ability  to  control  the  deposition  of  Pt 
to  close  the  gap  between  nricroelectrodes  to  values  substantially  less  than  1 
urn. 

The  data  In  Figures  8  and  9  establish  that  diode  current-voltage  curves 
can  be  obtained.  However,  the  frequency  of  operation  Is  slow  by  solid  state 
standards  because  of  the  known8*9  small  values  of  Dct  for  redox  polymers.  Th.- 
utility  of  this  work  rests  not  In  the  fabrication  of  useful  diodes  but  in  the 
demonstration  that  relatively  simple  molecule-based  components  can  be 
assembled  and  contacted  to  achieve  a  function.  More  "useful" 
microelectrochemical  diodes  are  under  study  In  these  laboratories  with 
particular  emphasis  on  diodes  based  on  redox  components  where  the  steady  state 
current  can  be  modified  by  the  chemicals  In  the  medium  Into  which  the  diode  Is 
Immersed. 
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Figure  Captions 


Figure  1.  A  scanning  electron  micrograph  of  the  two  electrode  array  used  In 
this  work.  The  "protective  barrier"  Improves  the  lift-off  procedure  used  In  the 
microfabrication. 

Figure  2.  Response  of  microelectrodes  to  Ru(NH3)§3+/2+  In  aqueous 
electrolyte.  Note  that  electrode  1  has  been  lightly  Pt  coated  and  that 
electrode  2  has  been  more  heavily  Pt  coated  to  close  the  gap  between  the 
microelectrodes  to  ~0.3  urn.  The  data  shown  are  for  the  reduction  of  Ru( NH3)  g3*1" 
at  electrode  1.  As  electrode  1  Is  swept  negative  electrode  2  Is  held  at  0.0  V 
vs.  SCE  where  the  Ru(NH3)<;2+  formed  at  electrode  1  can  be  oxidized.  The 
currents  at  electrode  1  and  2  are  shown  as  the  potential  of  1  Is  swept  with  2 
held  fixed.  This  pair  of  electrodes  was  used  for  the  experiments  represented 
by  the  data  summarized  In  Figures  5-9. 

Figure  3.  Comparison  of  Pt-coated  adjacent  microelectrodes  to  Illustrate  the 
fact  that  the  separation  between  microelectrodes  can  be  adjusted  by  Pt 
deposition. 

Figure  4.  Characterization  of  an  eight  microelectrode  array  coated  with 
a  film  of  PVFc+/°.  The  Inset  at  the  lower  right  shows  a  cross-sectional  view 
of  the  nrfcroelectrode  array.  The  upper  cyclic  voltammograms  (10  mV/s)  are  for 

electrode  4  without  potential  control  of  the  other  microelectrodes  ( - )  and 

with  all  other  microelectrodes  held  at  0.0  V  vs.  SCE  { - .left);  with 

electrodes  3  and  5  held  at  0.0  V  vs.  SCE  and  the  others  without  potential 
control  (— ,  middle);  and  with  electrodes  5-8  held  at  0.0  V  vs.  SCE  and  the 
others  without  potential  control,  ( - ,  right).  The  curves  below  the  cyclic 
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vol tammograms  show  the  cathodic  current  for  the  Indicated  "collector" 
electrodes  as  the  potential  of  the  "generator"  electrode  4  Is  cycled  between 
0.0  V  and  +0.8  V  vs.  SCE. 

Figure  5.  Cyclic  voltammetry  characterization  of  microelectrode  1  and  2  after 
derlvatlzatlon  of  electrode  1  with  the  (BPQ2+/+)n  polymer.  Electrode  2  shows 
no  signal  characteristic  of  the  (BPQ2+)n  ■*=*  (BPQ+)n  like  that  found  at 
electrode  1  (wave  at  -0.55  V  vs.  SCE).  The  large  cathodic  current  at 
electrode  2  Is  «2  evolution. 

Figure  6.  Comparison  of  the  electrochemical  response  of  electrodes  1  and  2  to 
Ru(MH3>63+  In  aqueous  electrolyte  before  (top)  and  after  (bottom) 
derlvatlzatlon  of  electrode  1  with  (BPQ2+/+)n;  cf.  Figure  5.  The  response  at 
electrode  2  Is  unaffected,  since  the  (BPQ2'*‘/+)n  Is  only  on  electrode  1.  The 
response  at  electrode  1  Is  changed  In  a  manner  consistent  with  reduction 
current  occurring  only  via  equation  (5),  l.e.  reduction  of  Ru(MH3)g3+  via 
(BPQ+)  units  at  the  outermost  portion  of  the  polymer. 

Figure  7.  Cyclic  voltammetry  of  electrodes  1  and  2  of  the  chip  characterized 
by  the  data  In  Figures  5  and  6  after  derlvatlzatlon  of  electrode  2  with  the 
PVFc+^°  redox  polymer.  Note  that  electrode  1  shows  the  wave  at  -0.55  V  vs. 

SCE  characteristic  of  the  (BPQ2+)„  *=*  (BPQ+)n  Interconversion  but  no  PVFc+/° 
wave  (~+o.4  V  vs.  SCE)  Is  observed.  Electrode  2  shows  a  response 
characteristic  of  PVFc+^°  redox  polymer  at  ~+0.4  V  vs.  SCE.  Data  In  Figure  8 
establish  that  there  Is  contact  of  the  (BPQ2+/+)n  polymer  on  electrode  1  with 
the  PVFc*/0  polymer  on  electrode  2. 


-30- 


Flgure  8.  Demonstration  that  charge  can  be  passed  between  micro! ectrodes  1 
and  2  characterized  by  the  data  In  Figure  7.  The  left  portion  of  the  figure 
shows  the  current-voltage  behavior  of  electrode  1  while  holding  electrode  2  at 
+0.4  V  vs.  SCE  (bottom)*  and  the  current  at  electrode  2  vs.  the  potential  of 
electrode  1  (top).  The  right  portion  of  the  figure  shows  the  current -voltage 
behavior  of  electrode  2  while  holding  electrode  1  at  -0.6  V  vs.  SCE  (top),  and 
the  current  at  electrode  1  vs.  the  potential  of  electrode  2  (bottom). 

Figure  9.  Two-terminal,  steady  state  current-voltage  (diode)  curve  for  the 
two  electrode  chip  characterized  by  the  data  In  Figures  7  and  8.  The  right 
hand  portion  of  the  current-voltage  curve  corresponds  to  the  situation  where 
the  negative  lead  Is  attached  to  electrode  1,  (BPQ2+/+/°)n -coated,  and  the 
positive  lead  Is  attached  to  electrode  2,  PYFc+/° -coated  . 
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